Introduction
============

Prosthetic joint arthroplasty is one of the most commonly performed surgical procedures in the field of orthopedics. Among many complications of prosthetic joint arthroplasty, periprosthetic joint infection (PJI) is the most catastrophic complication[@b1-ksrr-29-155]. The prevalence of PJI appears to be on the rise with the increasing incidence of arthroplasty surgery. However, management of PJI is challenging due to the lack of standardized guidelines, especially in the case of culture-negative (CN) PJI.

The prevalence of CN PJI has been reported to range between 0% and 42.1%[@b2-ksrr-29-155]--[@b5-ksrr-29-155]. Identification of microorganisms causing PJI is a critical task for selection of appropriate treatment options and prognosis prediction; therefore, CN PJI is considered an important clinical issue. Some studies have demonstrated that there are no significant differences in clinical characteristics between culture-positive (CP) PJI and CN PJI[@b6-ksrr-29-155],[@b7-ksrr-29-155]. In addition, distinctive clinical characteristics of CN PJI have not been well established. Therefore, diagnosis of CN PJI is difficult and often delayed. Diagnosis of PJI depends on the medical history and physical examination in combination with serologic tests and radiographic evaluation. However, clinical manifestations and serologic tests are not always reliable, and preoperative inflammatory indexes such as erythrocyte sedimentation rate (ESR), C-reactive protein (CRP) in serum and cell count in synovial fluid have limitations. Isolation of an organism from preoperative joint fluid aspiration, intraoperative culture or tissue biopsy is most useful for the selection of appropriate antibiotics and prediction of treatment responses. Furthermore, when the diagnosis of PJI is unclear, it is important to determine whether the culture outcome is true-negative or false-negative due to the presence of rare microorganisms such as mycobacteria or fungi. Based on the outcome, the former can be diagnosed as aseptic loosening and the latter as CN PJI, and different treatment options should be explored.

An accurate diagnosis of PJI helps patients avoid unnecessary multiple surgical procedures and inappropriate treatments involving prolonged use of parenteral antibiotics. The proper treatment of PJI remains controversial and depends on various factors such as presentation of symptoms, comorbidities, prosthetic factors, pharmacological factors and pathogenic factors[@b8-ksrr-29-155]. However, in the case of CN PJI, choosing an appropriate antibiotic therapy is especially difficult. Furthermore, the effectiveness of a local intra-articular antimicrobial spacer in two-stage arthroplasty is unclear. Therefore, for successful treatment of CN PJI, systematic understanding of the disease entities of CN PJI is of utmost importance.

The aim of the present study was to systematically review previous clinical studies on CN PJI, evaluate epidemiology, diagnosis and treatment options with an intention to understand the disease entities for successful infection control. Therefore, a descriptive analysis of clinical data on CN PJI documented in the literature was conducted for this review article.

Methods
=======

A systematic review was undertaken on clinical studies. A systematic electronic search was performed using the MEDLINE via PubMed and EMBASE, the Cochrane Library and Scopus databases. The search was carried out in January 2016 in the presence of two observers. The following key search terms were used in all fields: "arthroplasty", "knee prosthesis", "hip prosthesis", "infection", and "culture". The search was restricted to English language publications regardless of the year of publication. The complete search strings are shown in the [Appendix 1](#s1-ksrr-29-155){ref-type="supplementary-material"}. Unpublished data, case reports, letters to editor, instructional courses and review articles were not included. Two of the authors independently screened the titles and abstracts from the search results, and in the case the abstract was not found to be sufficient, the full-text was reviewed to evaluate the suitability of inclusion. Any disagreement between the two observers was resolved by consensus following discussion. Finally, the reference lists of the selected studies were investigated for the purpose of identification of additional studies that were not found through the electronic search.

The subject of studies included in the present study was PJI after arthroplasty of the hip and knee. Arthroplasties of the shoulder, ankle and hand were not included due to the rarity of studies with respect to PJI. Considering the existence of certain controversies with respect to the definition of PJI, we chose to include all papers in which the authors stated that the diagnostic criteria of PJI they applied were consistent with those of the Musculoskeletal Infection Society (MSIS)[@b8-ksrr-29-155]. The MSIS criteria are as follows: 1) there is a sinus tract communicating with the prosthesis; 2) a pathogen is isolated by culture from 2 or more separate tissue or fluid samples obtained from the affected prosthetic joints; or 3) four of the following 6 conditions are observed: a) elevated serum ESR and CRP concentration, b) elevated synovial white blood cell count, c) elevated synovial polymorphonuclear (PMN) percentage, d) presence of purulence in the affected joint, e) isolation of a microorganism in one culture of periprosthetic tissue or fluid, or f) greater than 5 neutrophils per high-power field in 5 high-power fields observed from histologic analysis of periprosthetic tissue at ×400 magnification. In other words, all studies in the present study had sufficient laboratory results to meet the MSIS criteria for PJI. Furthermore, treatment failure was also defined as follows: 1) ≥2 cultures positive for the same organism, 2) the presence of acute inflammation on pathologic findings, 3) development of a sinus tract, 4) presence of purulence in the joint space or around the arthroplasty site, or 5) clinical, radiological, and laboratory findings suggestive of PJI[@b2-ksrr-29-155].

For the purpose of comparative analysis of the outcomes of each study, a data sheet containing the author's name, year of publication, study design, number of cases, prevalence of PJI, risk factors, diagnosis, two-stage exchange arthroplasty success rate, used antibiotics and clinical outcomes was designed. The use of irrigation and debridement as an appropriate alternative for treatment of PJI still remains as a controversial issue. One-stage exchange arthroplasty has been performed for PJI because of certain advantages over two-stage exchange; however, the treatment success rate of one-stage exchange arthroplasty for PJI has been reported to be lower than that of two-stage exchange arthroplasty. Although there are several different surgical techniques for PJI, two-stage exchange arthroplasty is the most widely performed procedure, producing superior clinical outcomes compared to other surgical techniques[@b9-ksrr-29-155]. For these reasons, only the treatment success rate of two-stage exchange arthroplasty presented in the data sheet. The data were extracted from the included studies according to a predefined standardized data sheet.

A descriptive review of epidemiology, diagnosis, treatment and clinical outcome documented in the included studies on PJI was performed, and comparisons with other studies was carried out ([Table 1](#t1-ksrr-29-155){ref-type="table"}). In cases of disagreement, consensus was reached through discussion.

Results
=======

There were 339 search results obtained from MEDLINE via PubMed, 644 from EMBASE, 2 from the Cochrane Library and 390 from Scopus using the previously described search terms. From a total of 1,375 studies, 1,323 were excluded based on the respective titles and abstracts that did not meet the inclusion criteria of the present work. From the remaining 52 papers, seven were selected by the two observers and the remaining 45 papers were considered for further discussion and excluded by consensus. Consequently, seven papers were selected for final inclusion in the systematic review ([Fig. 1](#f1-ksrr-29-155){ref-type="fig"}). The review results of 7 included studies are summarized in [Table 1](#t1-ksrr-29-155){ref-type="table"}[@b2-ksrr-29-155],[@b5-ksrr-29-155]--[@b7-ksrr-29-155],[@b10-ksrr-29-155]--[@b12-ksrr-29-155]. The other 45 studies were mostly excluded because they discussed either only diagnosis or treatment plans for CN PJI or did not focus on CN PJI.

All papers included in the present study were published between September 2007 and July 2015. The papers had six different first authors, were written in English and were published in six different journals including *Clinical Infection Diseases* (n=1), *Journal of Antimicrobial Chemotherapy* (n=1), *Clinical Orthopaedics and Related Research* (n=2), *The Journal of Arthroplasty* (n=1), *Journal of Orthopaedics* (n=1) and *Archives of Orthopaedic* and *Trauma Surgery* (n=1). All the included studies were of retrospective design and the total number of CN PJI cases was 498.

In every individual study, the incidence of CN PJI was reported to range from 7.0% to 42.1% and most of the commonly used antibiotics belonged to the group of glycopeptides such as vancomycin. Risk factors for CN PJI documented in the included studies included prior antibiotic use and presence of postoperative wound drainage. Prior antibiotic use was associated with circumstances where an antibiotic was empirically used under suspicion of diagnosis of local infection before confirmation of the diagnosis of PJI or culture test or a long-term use of antibiotics after surgery in presence of postoperative wound drainage or during the postoperative follow-up; however, duration of administration was not confirmed due to insufficient data. The most common surgical intervention was two-stage exchange arthroplasty. First, the authors performed debridement and removal of all prosthetic components, and subsequently an antibiotics (vancomycin and gentamycin impregnated)-mixed mobile cement spacer was inserted. Then, antibiotics were administered intravenously for a period of six weeks or more. If laboratory test results showed no evidence of infection, they performed reimplantation as a second stage of treatment. Other reported surgical options for CN PJI included debridement and retention of the prosthesis with replacement of the polyethylene insert of the tibial component, one-stage exchange of prosthesis, permanent resection arthroplasty without reimplantation and others. Despite the presence of various surgical options, this systematic review revealed that two-stage exchange arthroplasty is the most successful surgical treatment strategy for CN PJI. Almost all included studies demonstrated that the treatment success rate of CN PJI is similar to that of CP PJI. However, only one of the studies suggested that although there were no significant differences in clinical characteristics between CN and CP groups, the success rate of infection control was higher in the CN group, which suggests that culture negativity may not necessarily be a negative prognostic factor for PJI ([Fig. 2](#f2-ksrr-29-155){ref-type="fig"})[@b2-ksrr-29-155],[@b5-ksrr-29-155]--[@b7-ksrr-29-155],[@b10-ksrr-29-155]--[@b12-ksrr-29-155].

Discussion
==========

Growing interest in CN PJI has led to an increase in the number of clinical research evaluating difficulties confronted during diagnosis and treatment and clinical outcomes. However, there is a paucity of literature on definite diagnostic methods and optimal treatment methods for CN PJI. Under such circumstances, it is difficult to determine the most appropriate clinical setting for the treatment of CN PJI.

PJI is one of the most challenging complications after total hip arthroplasty (THA) and total knee arthroplasty (TKA). It has been reported that the incidence of PJI ranges from 1% to 4% after primary TKA and 1% to 2% after primary THA[@b1-ksrr-29-155],[@b13-ksrr-29-155]. However, despite extensive efforts for the diagnosis of PJI based on identification of causative microorganisms and clinical symptoms, clinical suspicion, radiological evaluation and laboratory tests (ESR, CRP, PMN percentage), culture outcomes often reveal high false-negative rates and the incidence of negative cultures in most infection series has been reported to range from 0% to 42.1%[@b2-ksrr-29-155]--[@b5-ksrr-29-155]. Thus, it is imperative to have thorough knowledge about the infecting microorganism. A failure to identify the infecting microorganism leads to inappropriate treatment with a subsequent increase in treatment failure[@b14-ksrr-29-155]. The detection of CN PJI was based on the results of inaccurate and inappropriate diagnostic tools for rare organisms such as fungi, mycobacterium, and fastidious bacteria that are not easily detected through routine methods[@b2-ksrr-29-155],[@b7-ksrr-29-155]. Some studies reported that 46% of CN PJI were caused by fungi, 43% by mycobacteria and 11% by other bacteria such as *Listeria monocytogens*, *Propionibacterium acnes*, *Brucella*, *Coxiella burnetii* and others[@b2-ksrr-29-155],[@b7-ksrr-29-155]. In addition, Million et al.[@b15-ksrr-29-155] reported that 35% of CN PJI were caused by Brucella and 16% were caused by *Coxiella burnetii*, excluding all cases of fungi and mycobacteria. Therefore, in cases where negative culture is the outcome, the likelihood of presence of these rare organisms needs to be considered for appropriate treatment planning. Also, in order to detect such low virulent organisms, acquisition of multiple samples and sufficient growth time are required.

The diagnosis of CN PJI is a challenging task. In the absence of accurate diagnostic methods, clinicians rely on physical examination, clinical suspicion, laboratory tests, and radiological findings. However, clinical symptoms and signs are not always reliable and currently available laboratory tests using synovial fluid have limitations. Furthermore, preoperative radiographic findings are only useful for the diagnosis of chronic stage CN PJI. Thus, there has been growing interest in diagnostic methods to improve treatment success rates of CN PJI. Among various diagnostic tools for CN PJI, laboratory tests are most critical for appropriate identification of the infecting microorganism and treatment strategy planning. However, prior antibiotic use can compromise the sensitivity of traditional diagnostic laboratory tests. Berbari et al.[@b2-ksrr-29-155] reported in their study that 53% of patients with CN PJI had received antibiotic therapy before culture samples were obtained from the affected joint. To increase the sensitivity of traditional diagnostic tests, the clinical practice guideline of the American Academy of Orthopaedic Surgeons recommends withholding antimicrobials for at least two weeks before aspiration of the joint[@b16-ksrr-29-155]. Furthermore, in an attempt to improve the sensitivity or specificity for the diagnosis of CN PJI and reduce the number of false-negative results, recent studies have focused on basic molecular biology techniques[@b17-ksrr-29-155]. The most common molecular biology techniques that have been used to diagnose PJI are based on polymerase chain reaction (PCR). Melendez et al.[@b18-ksrr-29-155] proved PCR to be valuable for detecting microorganisms in synovial fluid in 88% of cases, and demonstrated that PCR can be used to detect unusual species such as *Candida* and antibiotic-resistant methicillin-resistant *Staphylococcus aureus* (MRSA). In the study, they suggested that the use of PCR with mass spectrometry was shown to identify four out of five CN cases. Bereza et al.[@b19-ksrr-29-155] demonstrated bacterial DNA isolation using PCR in 90% of patients with CN synovial fluid. However, PCR is extremely sensitive whereas specificity is low; therefore, it is inappropriate to be used as a single diagnostic tool. Another test for the diagnosis of PJI is to evaluate alpha-defensin[@b17-ksrr-29-155]. The alpha-defensin test has shown promising results for diagnosing PJI, and the overall sensitivity and specificity of the alpha-defensin test is greater than 95%[@b20-ksrr-29-155],[@b21-ksrr-29-155]. Prior use of antibiotics for infection control decreases the level of laboratory markers such as ESR, CRP and PMN percentage. However, the alpha-defensin test maintains its concentration for PJI even in the case of antibiotic administration without any impact on its level of sensitivity[@b17-ksrr-29-155],[@b20-ksrr-29-155]. For these reasons, the alpha-defensin test is thought to provide excellent utility as a screening test for PJI. Other interesting diagnostic methods for CN PJI have been introduced such as sonication with PCR[@b22-ksrr-29-155]. Ibs T5000 biosensor (Ibis Biosciences Inc., Carlsbad, CA, USA)[@b23-ksrr-29-155] and PLEX-ID (Abbott Laboratories, Abbott Park, IL, USA)[@b24-ksrr-29-155]. However, for clinical orthopedic surgeons, because of the limitations of technical availability, there arises a need for commercial development of such devices. Thus, for the treatment of PJI, confirmation of the pathogen is crucial for determination of treatment strategy or use of antibiotics, and it is important to develop easily applicable diagnostic methods.

Antibiotic use in addition to surgical treatment is necessary for effective elimination of an infection in PJI. Henceforth, it is important for the clinicians to identify cultured microorganisms for selection of sensitive antibiotics and determination of parenteral antibiotic therapy after consultation with an infectious disease specialist. To date, a consensus has not yet been established concerning standardized criteria on the initial use of antibiotics for CN PJI. If an infecting microorganism is preoperatively identified, prophylactic preoperative antibiotics should be administered. However, even if identification of an infecting microorganism is not achieved, in the absence of conclusive evidence on antibiotic holiday periods, a few authors have suggested that continuous use of antibiotics and prophylactic antibiotics needs to last for at least 2 weeks[@b7-ksrr-29-155],[@b25-ksrr-29-155]. Accordingly, an increase in the sensitivity to detect infecting microorganisms in intraoperative cultures can be achieved. In the present study, 5 of the 7 studies extensively employed glycopeptides such as vancomycin and the other two studies more commonly used cephalosporins. Among 498 cases, approximately 284 cases used glycopeptides such as vancomycin and the other 214 cases used cephalosporins, beta-lactam, quinolones or a combination therapy for treating CN PJI. Since PJIs are frequently caused by either *Staphylococcus aureus* or coagulase-negative *Staphylococcus* species, numerous researchers are especially using cephalosporins as a medical treatment for CN PJI[@b2-ksrr-29-155],[@b6-ksrr-29-155]. However, due to the increased failure rates associated with MRSA infection, vancomycin administration has been suggested as an alternative treatment[@b26-ksrr-29-155]. Cuckler[@b27-ksrr-29-155] reported that no significant association was found between the empirical parenteral vancomycin therapy and treatment failure in patients with CN PJI. In addition, Choi et al.[@b6-ksrr-29-155] also reported a high-dosage vancomycin appeared to have contributed to favorable outcomes in patients with CN PJI. The increased use of vancomycin has been associated with the growing incidence of MRSA infection, and infectious disease specialists recommend dual antibiotic therapy using vancomycin with ceftriaxone or a fluoroquinonlone. However, the routine use of vancomycin predisposes patients to acute kidney injury[@b28-ksrr-29-155], and there is a lack of evidence that the addition of vancomycin as a prophylactic antibiotic agent is more effective in decreasing the incidence of infection than the use of cefazoline alone[@b29-ksrr-29-155]; therefore, further studies are required to determine the superiority of either the single and dual use of prophylactic antibiotics. Apart from the nature of antibiotics, the duration of antibiotic therapy also plays a significant role in favorable results. As per the literature review, current recommendations for CP PJI include 4 weeks to 6 months of antibiotic therapy based on the microorganism identified[@b5-ksrr-29-155],[@b30-ksrr-29-155]. Parenteral antibiotics is mainly used for 6 weeks for CN PJI; however, the appropriate duration of oral antibiotic therapy for CN PJI followed by surgical treatment has yet to be established. CN PJIs are often the cause of anxiety for both the patient and the surgeon under circumstances when diagnosis is difficult due to failure to identify the infecting microorganism[@b5-ksrr-29-155],[@b11-ksrr-29-155],[@b12-ksrr-29-155]. In addition, a long-term use of broad-spectrum antibiotics or multiple antibiotics against the most common infecting organisms can have a risk of toxicity and may not provide coverage against fungi or rare organisms[@b31-ksrr-29-155]. Therefore, a successful antibiotic treatment strategy for CN PJI requires accurate identification of antibiotics and correct diagnosis.

Regardless of culture results, it is clear that the choice of surgical option greatly affects the treatment results of PJI. Surgical treatment methods for CN PJI include debridement and retention of implant, one-stage exchange arthroplasty, and two-stage exchange arthroplasty. For early infections occurring within three postoperative weeks and acute-onset hematogenous infections with less than three weeks of symptoms, debridement and retention of implant and antibiotic therapy are performed. In general, debridement should be open arthrotomy rather than arthroscopy, and the polyethylene liner should be changed[@b32-ksrr-29-155]. This surgical option is less invasive and less complex and costs less than exchange revision surgery[@b33-ksrr-29-155]. Hartman et al.[@b34-ksrr-29-155] reported significant improvement in the success rate of debridement and retention of implant when performed within four weeks of index knee surgery. Furthermore, Koyonos et al.[@b35-ksrr-29-155] suggested that successful treatment outcomes of debridement and retention of implant were significantly associated not only with the short duration of symptoms but also with the presence of comorbidities and infections caused by microorganisms of lower virulence. However, there still exists certain controversies regarding its efficacy. Brandt et al.[@b36-ksrr-29-155] reported that the procedure resulted in poor outcomes in PJI patients: infection control was achieved in less than 40%. Kim et al.[@b11-ksrr-29-155] also reported unsatisfactory outcomes: the treatment success rate was 62% for early deep infection and 25% for acute hematogenous infection. Because of such reports showing unsatisfactory outcomes of debridement and retention of implant, prosthesis exchange is currently recommended. The infection control rate of one-stage revision surgery has been reported to range from 73% to 93% in previous studies; however, none of the seven included studies recommended one-stage revision as the first treatment option for CN PJI, and they reported that the success rate of two-stage exchange arthroplasty was superior to one-stage exchange arthroplasty[@b2-ksrr-29-155],[@b5-ksrr-29-155]--[@b7-ksrr-29-155],[@b10-ksrr-29-155]--[@b12-ksrr-29-155]. Most authors of the included studies reported that two-stage exchange arthroplasty followed by 4--6 weeks of antibiotic therapy was effective in all stages of CN PJI with the success rate ranging from 70% to 100%. A recent systematic review also reported the average success rate of two-stage exchange arthroplasty for PJI as 90%. The study also reported that two-stage exchange arthroplasty provided better outcomes than one-stage exchange arthroplasty for PJI[@b37-ksrr-29-155]. Therefore, it is our understanding that among various surgical treatment methods for CN PJI, debridement and retention of implant should be considered as an option in limited cases including early infections (within 3 weeks), in cases where the patient is in good general medical condition, or in the presence of infections caused by microorganisms of lower virulence. Patients with late chronic PJI or an infection caused by highly virulent microorganisms should be considered for two-stage exchange arthroplasty. Furthermore, in cases where an implant exchange surgery fails to improve mobility or joint function, permanent removal of the prosthesis or amputation should be considered.

Although the clinical treatment outcomes of PJI with confirmed infecting microorganisms have been well documented, few reports exist on clinical outcomes and demographic characteristics of patients with CN PJI. In case of failure to isolate infected microorganisms and initiation of empirical antibiotic therapy without identification of microorganisms, there can be high chances of treatment failure resulting in poor clinical outcomes. However, in six out of seven papers included in the present study, the clinical outcomes and infection control rates were not different between CP PJI and CN PJI groups. Among seven studies, Choi et al.[@b6-ksrr-29-155] reported a higher infection control rate in the CN PJI group. These results mean that culture negativity may not necessarily be a negative prognostic factor for PJI. Conversely, a study by Mortazavi et al.[@b38-ksrr-29-155], which is not included in the present work, suggested that the PJI cases in which the microorganisms could not be isolated (CN PJI) had a four-fold increased risk of failure. In summary, there were no significant differences in clinical outcomes and infection control rates between CP PJI groups and CN PJI groups in previous studies based on our review; however there are some controversial questions that need to be answered considering the presence of studies reporting results not congruent with ours. The different treatment outcomes may be associated with differences in the antibiotic therapy, surgeons who performed the revision procedure and demographic factors, all of which need to be addressed in massive prospective studies with independent factors under control.

There are several limitations of the present systematic review. First, this study included PJI after THA in addition to TKA; however, we believe this could contribute to comprehensive understanding of PJI by not limiting specifically to PJI in the knee joint. Second, this review included only CN PJI studies of retrospective design. This was because randomized controlled trials on clinical results of CN PJI could not be traced through various databases. Third, the search was limited to papers written in English on MEDLINE via PubMed, EMBASE, the Cochrane Library and Scopus. Finally, studies included in this review adopted definition of PJI devised by MSIS. However, there is a growing tendency of using the definition of PJI provided by the International Consensus Group[@b39-ksrr-29-155],[@b40-ksrr-29-155], and future studies may reckon such tendency. To overcome these limitations, we think that more prospective research on PJI should be encouraged and studies written in languages besides English should also be thoroughly reviewed. Despite these limitations, the significance of this systematic review is that it is a rare study addressing overall factors associated with CN PJI to contribute to identification of various factors that affect clinical outcome and optimal treatment strategies for CN PJI.

In most clinical studies on CN PJI, definite diagnostic methods for isolation of infecting microorganisms or optimal treatment strategies for CN PJI were not clearly described. Therefore, further prospective studies need to be performed to establish the standard diagnostic methods and optimal treatment strategies for CN PJI.
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###### 

Clinical Outcomes of Culture-Negative Periprosthetic Joint Infection

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Author                               Year of publication   Study design    No. of cases   Prevalence of CN PJI (%)   Risk factors                                                                                                 Diagnosis                                                                                                                                                                                                                                          Two-stage revision success rate (%)                                       Antibiotics (%)        Outcome
  ------------------------------------ --------------------- --------------- -------------- -------------------------- ------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------- ---------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------
  Berbari et al.[@b2-ksrr-29-155]      Sep 2007              Retrospective   60             7                          Prior antibiotics use                                                                                        The presence of purulence surrounding the prosthesis, positive histopathology or cutaneous sinus tract communicating with prosthesis                                                                                                               94                                                                        Cephalosporins (82)\   The outcome of CN PJI is similar to the outcome of PJI due to known pathogens
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Vancomycin (12)\       
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Other (6)              

  Bejon et al.[@b5-ksrr-29-155]        Jan 2010              Retrospective   62             41                         More common in knees than hips                                                                               Persistent inflammation, wound discharge or implant loosening with bacterial growth or positive histology or persistent sinus tract                                                                                                                83                                                                        Glycopeptides (100)    CN PJI was not associated with a poorer outcome

  Malekzadeh et al.[@b7-ksrr-29-155]   Apr 2010              Retrospective   35             10.6                       Antibiotics use within the last 3 months prior to diagnosis date, presence of postoperative wound drainage   The presence of purulence surrounding the prosthesis, positive histopathology or cutaneous sinus tract communicating with prosthesis                                                                                                               78                                                                        Cefazolin (69)\        The demographics and outcome of CP and CN PJI patients were similar
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Vancomycin (13)\       
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 None or other (18)     

  Huang et al.[@b10-ksrr-29-155]       Jun 2012              Retrospective   48             11.9                       N/A                                                                                                          Two positive cultures or sinus tract communicating with prosthesis or 4 of the following: 1) elevated ESR or CRP; 2) elevated synovial fluid WBC; 3) elevated synovial fluid PMN%; 4) one positive culture; and 5) intraoperative purulence        70                                                                        Vancomycin (81)\       The overall infection control rate was similar between CP and CN PJI cases
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Cephalosporins (10)\   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Other (9)              

  Choi et al.[@b6-ksrr-29-155]         Jun 2013              Retrospective   40             23.0                       Previous antibiotics use                                                                                     The new definition for PJI by the workgroup of the MSIS                                                                                                                                                                                            85                                                                        Vancomycin (70)\       The success rate of infection control was higher in the CN group, which suggests that CN may not necessarily be a negative prognostic factor for PJI
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Other (30)             

  Kim et al.[@b11-ksrr-29-155]         Feb 2015              Retrospective   102            42.1                       Previous antibiotics use                                                                                     The new definition for PJI by the workgroup of the MSIS                                                                                                                                                                                            100                                                                       Vancomycin (85)\       The infection control rates and clinical outcomes were not different between CP and CN groups
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Other (15)             

  Kim et al.[@b12-ksrr-29-155]         Jul 2015              Retrospective   51             26.7                       Prolonged previous intravenous and oral antibiotics treatment                                                In CN PJI patients, infection was diagnosed when there were following findings: elevated ESR or CRP, elevated synovial WBC, elevated synovial PMN%, presence of pus, and more than 5 neutrophils per high-power field on histologic examination.   92% in early postoperative infection, 96% in the late chronic infection   Vancomycin (86)\       Overall rates of infection control, successful treatment, and functional outcomes were not different between the CP and CN groups
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Other (14)             
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CN: culture-negative, PJI: periprosthetic joint infection, NA: not assessable, CP: culture-positive, ESR: erythrocyte sedimentation rate, CRP: C-reactive protein, WBC: white blood cell, PMN: polymorphonuclear cells, MSIS: Musculoskeletal Infection Society.
